For a long time we thought we understood odor transduction. Odors activated seven-helix G-protein coupled receptors that stimulated adenylyl cyclase; this raised the intracellular cAMP concentration, which, in turn, opened cation channels that depolarized olfactory receptor neurons. Depolarization elicited the action potentials that told the brain about smell. The idea was attractive for its simplicity, but evidence has accumulated suggesting that odor transduction is much more complex. In the mid-1980s electrophysiologists first applied the patch-clamp method to study olfaction. It was hoped that the superior sensitivity and versatility of this method might reveal the yet unknown mechanisms underlying odor transduction. Nakamura and Gold (1) soon found that cyclic nucleotides including cAMP directly gate a nonselective cation conductance that occurs at high density in the ciliary membranes of frog olfactory receptor neurons. Two years earlier, Pace et al. (2) had found that certain odorants activate adenylyl cyclase to produce cAMP in a broken membrane preparation enriched in olfactory cilia. While the activation was small and had an unknown time course, the activity was G-protein-dependent, suggesting that it might be involved in a transduction process. These results offered a way for odors to modulate the excitability of olfactory receptor neurons and led to a number of studies examining the cyclic nucleotide-gated pathway in these cells. The rapidity with which odors could elevate cAMP (<50 ms) was demonstrated by Breer et al. (3) using a stopped-flow method, and molecular studies led to the cloning of olfactory-specific components of the pathway: the type-III adenylyl cyclase (4), a stimulatory G protein (GOLF) (5), and a cyclic nucleotide-gated channel (6). The cyclic nucleotide transduction pathway was revealed piece by piece. The presence of the intact and functional pathway in tiger salamander olfactory receptor neurons was elegantly demonstrated in 1991 (7). Recent work has added yet another piece to the pathway. The cAMP-dependent odor response in frog and rat was shown to depend on a substantial Cl-conductance produced by channels that are activated by intracellular Ca2+; the Ca2+ enters receptor neurons through the cAMPgated cation channels (8, 9).
For a long time we thought we understood odor transduction. Odors activated seven-helix G-protein coupled receptors that stimulated adenylyl cyclase; this raised the intracellular cAMP concentration, which, in turn, opened cation channels that depolarized olfactory receptor neurons. Depolarization elicited the action potentials that told the brain about smell. The idea was attractive for its simplicity, but evidence has accumulated suggesting that odor transduction is much more complex. Olfactory receptor neurons seem to employ a variety of different transduction pathways to detect odors, different pathways even for the same odor in some cases. This diversity allows the initial screening of odor information to occur in the receptor neurons and may be important for odor discrimination.
The In the mid-1980s electrophysiologists first applied the patch-clamp method to study olfaction. It was hoped that the superior sensitivity and versatility of this method might reveal the yet unknown mechanisms underlying odor transduction. Nakamura and Gold (1) soon found that cyclic nucleotides including cAMP directly gate a nonselective cation conductance that occurs at high density in the ciliary membranes of frog olfactory receptor neurons. Two years earlier, Pace et al. (2) had found that certain odorants activate adenylyl cyclase to produce cAMP in a broken membrane preparation enriched in olfactory cilia. While the activation was small and had an unknown time course, the activity was G-protein-dependent, suggesting that it might be involved in a transduction process. These results offered a way for odors to modulate the excitability of olfactory receptor neurons and led to a number of studies examining the cyclic nucleotide-gated pathway in these cells. The rapidity with which odors could elevate cAMP (<50 ms) was demonstrated by Breer et al. (3) using a stopped-flow method, and molecular studies led to the cloning of olfactory-specific components of the pathway: the type-III adenylyl cyclase (4), a stimulatory G protein (GOLF) (5) , and a cyclic nucleotide-gated channel (6) . The cyclic nucleotide transduction pathway was revealed piece by piece. The presence of the intact and functional pathway in tiger salamander olfactory receptor neurons was elegantly demonstrated in 1991 (7) . Recent work has added yet another piece to the pathway. The cAMP-dependent odor response in frog and rat was shown to depend on a substantial Cl-conductance produced by channels that are activated by intracellular Ca2+; the Ca2+ enters receptor neurons through the cAMPgated cation channels (8, 9) .
The same techniques that were used to identify components of the cyclic nucleotide transduction pathway in olfactory receptor neurons have also revealed odor-sensitive changes in other second messengers and in other membrane conductances in these cells. Intracellular inositol 1,4,5-trisphosphate (InsP3) (3), guanosine 3',5'-cyclic monophosphate (10) , and carbon monoxide (10) are elevated in olfactory receptor neurons in response to odor stimulation. Stoppedflow measurements indicate that the odor-induced increase in InsP3 is as rapid as that of cAMP and has been detected in insect (3), mammalian (11) , and lobster (12) olfactory membrane preparations. In addition, in vertebrates (13, 14) and crustacea (15, 16) , the same odor can excite some olfactory receptor neurons and inhibit others, offering indirect evidence that odors may modulate more than one conductance. More specifically, in the aquatic salamander Necturus maculosus, odors can increase or decrease the Clconductance, decrease the K+ conductance, and increase a nonselective cation conductance (17, 18) . In lobster olfactory receptor neurons, odors can activate two types of channels that carry depolarizing currents or K+ channels that cause hyperpolarization (19, 20) . Whether or not these effects on second messenger levels and ion-channel gating are coupled to odor transduction has been difficult to prove, but the data are all consistent with this idea. The strongest evidence comes from studies on lobster olfactory receptor neurons.
In lobster olfactory receptor neurons, odors appear to be transduced by two distinct pathways, and while these pathways differ from those found in vertebrates, the principles and functional implications for odor transduction may well be universal. In lobsters one transduction pathway uses cAMP and is inhibitory, whereas the other uses InsP3 and is excitatory. The opposing roles of these two pathways in odor transduction were demonstrated earlier (19, 21) , but in two different systems, one cultured and the other in situ. Now, by using patches excised from membrane blebs formed on cut-off distal dendrites, Hatt and Ache (22) have shown the direct activation of different ion channels by both second messengers. cAMP directly gates a potassium-selective ion channel in membrane patches from the distal dendrites. When activated, this channel should hyperpolarize the receptor neurons and inhibit electrical activity. In the same patches, InsP3 can directly gate two different types of channel that depolarize the olfactory receptor neuron. The cAMP-and InsP3-gated channels occur in the same patch of membrane, presumably from a single cell, a finding that is consistent with earlier work showing that single lobster olfactory receptor neurons could be excited by one odor and inhibited by another (15 Odor information is delivered to the central nervous system as a pattern of activity in a parallel array of peripheral receptor neurons. Olfactory receptor neurons tend to be spontaneously active, firing at a modest rate even in the absence of odor. Their activity can be stimulated by some odors and suppressed by others. Depending on the particular transduction pathways and the intensity of the response, some cells may respond transiently to an odor whereas others are affected for longer durations; both "on" and "off" responses can occur. The net effect is a composite of actions that may sharpen the "odor image" that emerges from an array ofreceptor neurons. Image sharpening depends on the differential processing of odor information by olfactory receptor neurons and should enhance odor discrimination.
